Abstract. Our focus was to design harvestmen-specific PCR primers to target both introns and exons of the nuclear protein-coding gene Elongation Factor -1 alpha (EF-1a). We tested this primer set on ten genera representing all primary lineages of Opiliones, with sets of close phylogenetic relatives (i.e., sets of several congeners) included to specifically assess utility at shallow phylogenetic levels. Our research also included the collection of parallel mitochondrial protein-coding DNA sequence datasets for the congeneric sets to compare relative rates of evolution and gene tree congruence for EF-1a versus mitochondrial data. The harvestmen primers resulted in successful amplification for nine of ten tested genera. Exon sequences for these nine genera appear orthologous to previously-reported EF-1a Opiliones sequences, which were generated using RT-PCR methods. Newly-generated exon sequences are interrupted by three separate spliceosomal introns; two introns are restricted to one or two genera, but a third intron is conserved in position across all surveyed genera. Phylogenetic analyses of EF-1a nucleotide data for congeneric sets result in gene trees that are generally congruent with mitochondrial gene trees, with EF-1a phylogenetic signal coming from both intron and exon sites, and resolving apparently recent divergences (e.g., as recent as one million years ago). Overall, the combination of gene orthology, conserved intron position, and gene tree congruence at shallow levels suggest that this gene region will prove generally useful for both phylogeographic and species-level phylogenetic analyses in Opiliones, complementing already-documented utility at higher taxonomic levels.
Both phylogenetics and taxonomy obviously have been impacted by advances in molecular biology, and most modern systematic analyses published today include some molecular component. In the arachnid order Opiliones, several molecular systematic studies have been published that consider relatively ancient phylogenetic divergences (e.g., Giribet et al. 1999 Giribet et al. , 2002 Shultz & Regier 2001) . Fewer studies have considered molecular phylogenetic divergence within a species, or between closely related species, and those published have relied mostly on mitochondrial DNA sequence data. While informative, a mitochondrial-only perspective has limitations (Ballard & Whitlock 2004; Rubinoff & Holland 2005) , and is quickly becoming obsolete in a molecular systematics world dominated by multigenic datasets.
A handful of nuclear genes have been used to address recent divergences within Opiliones. Those utilized offer a mix of pros and cons. Thomas & Hedin (2008) used ribosomal ITS sequences at the intraspecific level in Fumontana deprehendor Shear (Laniatores), and although well-behaved in this case, this gene region has been shown to be problematic in other arthropod taxa because of a lack of concerted evolution (e.g., Harris & Crandall 2000; Bower et al. 2009 ). Ribosomal 28S sequences have been used in various harvestmen taxa, but in our experience these data show limited variability at the shallowest levels (e.g., see Hedin & Thomas 2010) . Shultz & Regier (2009) used reverse transcriptase polymerase chain reaction (RT-PCR) methods to generate exon nucleotide data for the nuclear protein-coding genes EF-1a and POL II, and applied these data to species-level relationships in the genus Caddo. While these data are informative at shallow levels, gathering the data requires the extra cost and expertise needed to conduct RT-PCR. Finally, Sharma & Giribet (2009) used three novel nuclear genes (H3, H4, U2 snRNA) to address relationships in sandokanid laniatoreans. Although the focus was at slightly higher taxonomic levels, several congeneric comparisons were made. Again, despite the clear utility in the multigenic perspective used in this study, these gene fragments individually are small (330, 160, 130 basepairs (bp) , respectively), and our examination of these data suggests minimal variation among congeneric species.
Here we assess the phylogenetic utility of the nuclear protein-coding gene Elongation Factor-1 alpha (EF-1a) for resolving relatively shallow opilion phylogenetic divergences. In metazoans, EF-1a is a core gene involved in protein synthesis -this fact facilitates use in molecular phylogenetics (e.g., the gene is expected to be found in all taxa, have conserved function, etc). This gene is commonly used in hexapod systematics (summarized in Caterino et al. 2000) , and has also seen limited use in arachnids (Shultz & Regier 2001 Hedin & Maddison 2001) . Given our interest in resolving recent divergences, we expect most phylogenetic information to come from either silent substitutions at third codon exon positions (e.g., Cho et al. 1995; Reed & Sperling 1999) , or from introns (e.g., Danforth et al. 1999; Hedin & Maddison 2001 ). Here we present the results of a commonly employed strategy: to develop PCR primers that reside in relatively conserved exons, but span variable introns that are conserved in position (see Palumbi 1996) . We have discovered several EF-1a introns in Opiliones, some of which are universally conserved in position, but variable at shallow phylogenetic levels. The primers developed permit consistent and robust amplification of a fast-evolving gene region using standard PCR methods, allowing potentially rapid collection of population-level samples (e.g., many individuals from multiple populations from many species). We present this primer set as a resource to be explored, modified, and utilized by other opilion systematists.
METHODS
Primer design. -Shultz & Regier (2001) generated nearly fulllength EF-1a exon nucleotide sequences using RT-PCR methods for a comprehensive sample of Opiliones. These sequences were downloaded from GenBank, then compiled and translated in MacClade 4.08 (Maddison & Maddison 2003) . We designed primers in conserved exon regions that might also amplify introns, using known intron positions from spiders and hexapods as a guide (Table 1, Figure 1) . Within conserved regions, we manually (i.e., without software) designed 20-25 bp oligonucleotides in regions with approximately equal base composition, and GC-rich 39 nucleotides corresponding to strictly conserved second codon positions. Most primers were designed to work for all Opiliones, but in some cases we also designed clade-specific primers (e.g., EF1-OP3PHAL is a primer that best matches the phalangioid sequences from Shultz & Regier 2001, etc.) . We designed additional internal, clade-specific primers after initial sequencing with our more general primers.
Samples.-We tested primer utility on ten genera ( Table 2 ) that represent all primary higher-level clades within Opiliones (Fig. 2 ). Specimens were either preserved directly in 100% EtOH in the field, kept cold, and later transferred to a 280u C freezer (or 220u C freezer in the case of Caddo), or preserved directly in 100% EtOH in the lab and stored in a 280u C freezer. All specimens are currently housed in the Arthropods Genomics Collection at San Diego State University. We extracted genomic DNA from leg tissues using the Qiagen DNeasy Kit; these extracts were either suspended in 200 microliters (ml) of Qiagen AE buffer, or dried down using a Speedvac and resuspended in a smaller volume of AE buffer.
Testing primer utility.-For some samples (Siro, Caddo, Ortholasma, Dendrolasma and Bishopella), we assessed primer utility in a preliminary manner. Here we conducted PCR experiments to test whether our primers resulted in amplicons of expected size, and if so, we directly sequenced these amplicons. These sequences inform us about primer success, intron position, and relative intron size, but do not address variability of the nucleotide data within a taxon (see below). We conducted PCR experiments using various forward/reverse primer combinations (Table 2 ). All PCR reactions included 0.8 ml of genomic DNA with 0.08 ml Ex Taq polymerase (Takara Bio Inc.), and 2.5 ml each of Takara dNTP mix, Takara buffer (with Mg 2+ ) and primers (at 2-4 mM concentrations). We used tissue culture water (Sigma-Aldrich Co.) to bring reaction volumes to 25 ml. Experiments were conducted on two different PCR machines, including a MJ Research PTC-100 (95u C, 2 min; 353 (95u C, 30 s; 53u C, 45 s; 72u C, 45 s); 72u C, 10 min) and an Eppendorf Mastercycler Personal (94u C, 3 min; 353 (94u C, 45 s; 45u C, 45 s; 72u C, 1 min 15 s); 72u C, 5 min). Amplification products were visualized on agarose gels, purified via polyethylene glycol (PEG) precipitation, and sequenced directly at the SDSU Micro- Both strands were determined for most templates using PCR primers in sequencing reactions. For some Leiobunum templates, we used additional internal primers for sequencing. We assembled and edited sequence contigs using Sequencher version 4.5. For some taxa (see Results), AT-rich regions (and possible allelic length heterozygosity) within introns caused premature stops in some sequencing reads; sequences for these templates were thus determined using single reads from opposite sides of the intron. Also, for Acuclavella we were able to generate high-quality 780-bp sequence reads for the entire exon plus intron amplicon, and thus used only a single sequence read for several of these templates. Sites with two peaks of equal intensity on chromatograms were interpreted as representing nucleotide heterozygosity, and scored as such in data matrices using standard ambiguity codes.
To assess phylogenetic utility at shallow levels more rigorously, we collected EF-1a sequences for sets of close phylogenetic relatives (both within and between species) for Leiobunum, Sabacon, Sclerobunus/Cyptobunus, and Acuclavella. For these same taxon sets we also collected parallel mitochondrial sequence datasets, allowing us to gauge the relative variability of nuclear versus mitochondrial gene data, and ask if independent phylogenetic analyses resulted in generally congruent results. For Sabacon, Sclerobunus/Cyptobunus, and Acuclavella, we collected partial cytochrome oxidase I (CO1) mitochondrial sequences, following standard techniques as in Thomas & Hedin (2008) . Forward primers included C1-N-1510 or C1-N-1718S, combined with C1-J-2568 or C1-J-2776S (see Hedin & Thomas 2010) . For Leiobunum, we collected nearly full-length mitochondrial ND1 sequences using the custom primers LR-N-12945LEI (59-TGACCTCGATGTTGAAT-TAA -39) and CB-J-11638LEI (59 -CCTWATAAACTAAT-CATTTAGC -39).
We conducted phylogenetic analyses at two different hierarchical levels. First, we conducted an exon-only analysis that included the Shultz & Regier (2001) exon data, plus newly-generated exon-only data (i.e., introns removed). This exon matrix was aligned manually, and subject to a heuristic Table 1 ). Spider intron positions from Hedin & Maddison (2001) , hexapod intron positions from Brady & Danforth (2004) . Small circles designate 100-bp intervals. Lower: Amplicon sizes and relative intron positions for opilion sample. Small hashes above amplicon boxes for Ortholasma and Sabacon indicate alternative 59 primers used for some templates (see also Table 2 ). parsimony search in PAUP v4.06 (Swofford 2002) , using stepwise taxon addition from 1000 random replicates with tree bisection-reconnection (TBR) branch swapping. For the congeneric sets, we conducted exhaustive parsimony searches on both nuclear and mitochondrial matrices, conservatively treating EF-1a intron gaps as missing. Branch support was assessed using nonparametric bootstrap analyses (Felsenstein 1985) , comprising 1000 pseudoreplicates of a branch-andbound parsimony search for each congeneric set matrix.
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RESULTS
Data availability, primer utility.-All sequences have been deposited to GenBank (accession numbers GQ870643-GQ870668; GQ872152-GQ872185). Both intron and exon alignments are available at www.treebase.org (study accession number S2469).
Using various primer combinations (Fig. 1, Table 2 ), we were able to amplify and generate EF-1a sequences for all surveyed genera, except for the caddoid Caddo agilis. We attempted eight different primer combinations for a single extraction from Caddo, using primers that worked well for other taxa. We suspect that the failure of this sample reflects a difference in sample preservation, as noted above. Overall, the most successful primers included the forward primers EF1-OP2, EF1-OP2BSAB, and EF1-OP3SCLER, combined with the reverse primer EF1-OPRC4LEI. The most 59 (EF1-OP1) and 39 (EF1-OPRC5PHAL) of our designed primers failed in all PCR experiments.
Features of the data.-Newly generated sequences were manually aligned with the exon-only nucleotide data of Shultz & Regier (2001) to identify the reading frame, intron insertions, and intron/exon boundaries. As a preliminary assessment of sequence orthology, we first removed all introns. The remaining exon data translate to expected amino acids, and with a single exception (see below) can be aligned without gaps. A strict consensus tree resulting from parsimony analysis of the exononly data recovers expected phylogenetic placements for the newly-generated EF-1a sequences (Fig. 3) , suggesting orthology of the gene copies used in this study. Ours is the first study to include the genus Acuclavella in a higher-level molecular analysis; we recover Acuclavella as sister to Ceratolasma, consistent with the hypothesis of Shear (1986, fig. 1 ).
Patterns of exon variability across divergent opilion taxa (e.g., among representatives of primary clades) have been addressed previously (Shultz & Regier (2001) . Patterns of exon evolution within congeneric sets are summarized in Table 3 . As expected, almost all exon variation occurs at third codon positions, with a total of 116, 14, and 7 variable sites at third, first, and second positions, respectively. Heterozygosity at exon positions is minimal, with less than 10 total sites scored as heterozygous for all newly-generated sequences.
We discovered three different introns in the harvestmen sample, here named introns I-III. The relative position of these introns, intron size, and intron/exon nucleotide boundaries are summarized in Figures 1 and 4 . Intron I appeared only in two Sabacon samples (those amplified with EF1-OP2 primers; most Sabacon were amplified using downstream OP2BSAB primers). We also used the EF1-OP2 for Leiobunum (Fig. 1 ), but these sequences lack this intron. Examination of EF-1a genomic sequences for the tick Ixodes scapularis (http://iscapularis. vectorbase.org/, gene ISCW020299) indicates that intron I is shared in position between Ixodes and Sabacon. Intron I is relatively small in Sabacon (less than 100 bp), and includes 59 (GT) and 39 (AG) splice site signal sequences (see Fig. 4 ) consistent with proposed metazoan consensus signal sequences (Senapathy et al 1990; Mount et al. 1992) .
Intron II was found in all Leiobunum and one Ortholasma sample (OP 807, amplified with OP2BSAB; Ortholasma OP 808 was amplified using downstream primers). These taxa are not phylogenetic relatives, and differ considerably at the exon level (see Fig. 3 ). We did not detect this intron in Acuclavella and some Sabacon, despite using primers that spanned this region (Fig. 1) . This somewhat random phylogenetic pattern of intron presence/absence is most likely the result of differential intron loss (a similar argument applies for intron I), although we cannot rule out independent intron gains (e.g., see Roy & Penny 2006) . Intron II varies in size (, 100-200 bp), and to infer canonical 59 (GT) and 39 (AG) splice site signal sequences in Ortholasma requires a two amino acid deletion (see Fig. 4 ). We return to this inference in the Discussion.
Finally, intron III is found in all opilion samples that we have sequenced. This intron is shared in position with spiders (Habronattus, see Hedin & Maddison 2001 ), but not with Ixodes. Intron III varies considerably in size among harvestmen taxa, ranging from 60 to . 500 basepairs in length; all include canonical 59 (GT) and 39 (AG) splice site signal sequences (Fig. 4) .
We generated high-quality intron I sequences for the taxa reported here, but in other Sabacon taxa a long (6-bp) poly-T region proved difficult to sequence through (data not reported). This provided our motivation to design Sabaconspecific primers (OP2BSAB) downstream of intron I. Intron II includes at least two long poly-T regions, but we had little difficultly in sequencing through this intron for several Leiobunum and a single Ortholasma. Our sample size is largest for intron III, where there is considerable variation in intron size (see above), nucleotide composition, and sequencing difficulty. The short (Fig. 4 ) Acuclavella introns were not difficult to sequence through, although these possess both poly-T and poly-A regions. Also, despite the long Siro intron III, and several simple-sequence regions, sequence reads were clean. Other taxa presented mixed success, even within congeneric sets, where some samples resulted in clean bidirectional reads, whereas other reactions resulted in clean reads that failed abruptly at poly-A/T regions. The sequence contigs for these latter samples comprise single strand reads from opposite directions, with minimal terminal overlap. Regions of terminal overlap that proved ambiguous to score were excluded from the phylogenetic analyses reported below.
Comparative phylogenetic utility.-The protein-coding mitochondrial data (CO1, ND1) translate to amino acids without stop codons, and can be aligned without gap insertions. We compared these mitochondrial data to intron plus exon EF-1a data for the four sets of close phylogenetic relatives. Introns II (Leiobunum only) and III (all taxa) were aligned manually, but for the six-taxon Sclerobunus/Cyptobunus set, introns from two specimens (OP1056, OP2143) were too divergent to align reliably. Here we conducted phylogenetic analyses on exonsonly for the six-taxon set, and analyses of introns-only for four of six taxa.
Results of the nine separate exhaustive parsimony searches (three for Sclerobunus/Cyptobunus, two for all other congeneric sets) are summarized in Fig. 5 . These comparative analyses reveal several patterns of interest. First, all trees are wellresolved, with all but one of the searches resulting in a single most-parsimonious tree. Second, there is considerably more divergence depth in mitochondrial trees as compared to EF-1a trees, as indicated by differences in total tree length and individual branch length estimates. This reflects the welldocumented higher rates of molecular evolution in animal mitochondrial genomes as compared to ''average'' nuclear genes (e.g., Moriyama & Powell 1997; Lin & Danforth 2004) . Third, phylogenetic signal in the EF-1a data is coming from both intron and exon sites. This is most-clearly illustrated in the Sclerobunus/ Cyptobunus taxon set where we conducted individual analyses on exons versus introns, but is also seen when comparing intron versus exon substitutions for specific ''shallow'' pairwise comparisons (see Table 3 , Fig. 5 ). Finally, analyses of the independently-evolving mitochondrial versus EF-1a data result in generally similar gene tree estimates. Visual inspection indicates an overall pattern of topological and branch length similarity across data partitions. Moreover, we used the qualitative framework of Wiens (1998) to assess topological congruence. Among all trees, thirteen taxon bipartitions are strongly supported (bootstrap proportion values . 70; see Hillis & Bull 1993) by the mitochondrial data. Of these 13 bipartitions, 10 are also strongly supported by the EF-1a data (Fig. 5) . Importantly, there is no evidence for ''strong incongruence'' (following Wiens 1998), where conflicting taxon bipartitions are strongly supported by the parallel datasets.
DISCUSSION
A general lack of genomic resources for Arachnida has hampered development of the type of multigenic molecular . Sequences generated in this study are shown with OP numbers; those from Shultz & Regier (2001) are shown with associated GenBank numbers. The Sclerobunus sequence (AF240858) generated by Shultz & Regier (2001) was originally misidentified as S. robustus -this sequence actually corresponds to S. nondimorphicus. systematics perspective that is now seen in many other organismal groups (e.g., see Brito & Edwards 2008) . In Opiliones, a core set of genes have been used at higher taxonomic levels (e.g., various mtDNA genes, 18S, 28S, histone 3, EF-1a), but nuclear gene choices at lower levels are extremely limited. We need to develop additional rapidlyevolving, informative nuclear genes for harvestmen. These will allow more accurate reconstructions of population and species' history, providing the necessary framework for addressing ''shallow'' systematic questions that abound in this diverse group (e.g., fine-scale historical biogeography, cryptic speciation, rapid character evolution, etc.).
The primer set and data reported here provide a starting point for other researchers to explore, modify, and utilize. The exon matrix now available (www.treebase.org, study accession number S2469) includes many conserved regions for primer design, and because the matrix includes taxonomic coverage for all higher-level harvestmen groups, it is easy to modify primers to match a group of interest. Furthermore, we have discovered an intron (intron III) that is most-parsimoniously reconstructed as being ubiquitous in Opiliones, with obviously conserved exon regions flanking this conserved position intron. With minor experimentation, it should be easy for researchers with access to standard PCR tools to generate both intron and exon EF-1a data for Opiliones.
The most conspicuous problem that we have identified is the presence of short simple sequence regions within introns, which because of apparent length heterozygosity, sporadically interrupt direct sequence reads. Here we would first recommend designing custom primers that span only a single intron (after preliminary exploration of intron structure for the taxon of interest). Depending upon the severity of length heterozygosity, it may be necessary to clone PCR products, which is obviously more expensive and labor-intensive, but is still a widely used lab method. Other alternatives include allelespecific PCR, or bioinformatics approaches, such as the use of software programs that allow phase determination of length variable alleles resulting from direct sequencing (see Flot et al 2006; Flot 2007 ).
The data reported here reveal general congruence between nuclear versus mitochondrial gene trees (Fig. 5) . Gene tree congruence, or lack thereof, is a reflection of several interacting variables, including sampling density, the depth and divergence history of the group of interest, and patterns of gene evolution (see Maddison 1997) . For example, older, wellspaced speciation events are expected to result in more gene tree congruence than more-recent, ''compressed-in-time'' radiations. Gene flow across species boundaries in recently All searches resulted in a single most-parsimonious tree, except for the Leiobunum EF-1a matrix, which resulted in 3 most-parsimonious trees (we illustrate only one of these). For mitochondrial trees, pairwise comparisons with divergence values between 2-3.2% (Kimura 2-parameter distances; Kimura 1980) are highlighted with bold, italicized text. separated species can cause incongruence among gene trees, as can comparisons of paralogous gene copies in multi-gene families.
Given our sample of taxa and exemplars within these taxa, we observed minimal incongruence, but again, this is an empirical issue that is expected to vary from group to group. In this context, one relevant question is how old are the harvestmen taxa within congeneric sets? We consider two indirect lines of evidence for estimating the ages of these groups. First, we have highlighted on Fig. 5 pairwise sample comparisons that differ by 2-3 percent for mitochondrial protein-coding genes. Applying a ''standard'' arthropod mitochondrial molecular clock (e.g., 2.3% pairwise per million years; Brower 1994; Pons et al. 2006 ) across trees for these individual groups would indicate divergences ranging from 1-8 million years ago (MYA). These are, of course, very rough estimates, with many assumptions which may or may not hold (a standard clock applies to Opiliones, no among-lineage rate variation, etc). Second, there is strong evidence for ancient vicariance within Acuclavella, leading to the primary phylogenetic separation of Olympic and Cascade mountain populations (OP2345, OP2347) from all other populations in the Idaho Rockies. In many other taxa from this region (e.g., Carstens et al. 2004; Steele et al. 2005) , this west/east vicariance results from the Cascadian orogeny at approximately 5 MYA, which suggests a divergence time window generally consistent with the above molecular clock estimates.
The above divergence time estimates suggest that EF-1a data might be used to resolve divergences that are quite recent in absolute time. Although not extensive, all pairwise sample comparisons at the ''one million year horizon'' also show at least some divergence in EF-1a (see Table 3 ). Furthermore, we note that our phylogenetic treatment of insertion and deletion (indel) variation in introns was very conservative, as several indel sites appeared phylogenetically informative. More sophisticated treatment of this class of variation is expected to further increase the phylogenetic informativeness of this gene region for recent divergences (e.g., Simmons & Ochoterena 2000; Kawakita et al. 2003; Benavides et al. 2007) .
In terms of gene tree congruence, one variable that seems not to be influencing our data is the presence of multiple gene copies, and potential mixing of paralogous copies. The paralogy/orthology issue is one of the most important problems negatively impacting the phylogenetic utility of nuclear protein-coding genes (reviewed in Sanderson & Shaffer 2002) . Multiple gene copies are in fact known for EF-1a in other arthropods (see Danforth et al. 1999) , including spiders (Hedin & Maddison 2001) . ''Deep paralogy,'' or the inadvertent comparison of divergent gene copies (e.g., gene copies resulting from gene duplication before the divergence of Opiliones), is apparently not an issue in our data, as mixing such paralogs would not result in the expected systematic relationships that we see in the exon-only analysis (Fig. 3 ). An alternative is that harvestmen species are carrying multiple copies of the EF-1a gene that are kept similar by concerted evolution (as hypothesized for salticid spiders, Hedin & Maddison 2001 ); distinguishing such closely-related paralogs would be more difficult in a phylogenetic analysis.
The only hint of such ''cryptic'' paralogy is the Ortholasma OP807 sequence, which requires a 2 amino-acid exon gap to align intron II splice site signal sequences (see Fig. 4 ). Such a gap is never present in other exon sequences, even from close phylogenetic relatives (e.g., Dendrolasma). This sequence may represent a paralog, but the exon appears functional (no stop codons), and is placed as expected phylogenetically. A perhaps more plausible explanation is that we have misaligned the intron boundary, but this requires non-canonical splice sites for this intron. More data is needed to distinguish between these alternative hypotheses. In general, there is little to no evidence for multiple copies of EF-1a in harvestmen. Researchers in prior studies (Shultz & Regier 2001 have not suggested this problem, relationships inferred from exons provide expected phylogenetic results, and gene trees for congeneric sets are largely congruent with independent data. However, the possibility of such paralogy should not be dismissed or overlooked in future studies.
Various technologies are now available for the generation of comparative nuclear sequence data. These include expressed sequence tag (EST) libraries, next-generation sequencing (Mardis 2008) , development of anonymous nuclear loci (e.g., Noonan & Yoder 2009 ), etc. Ultimately, these technologies may supercede studies that focus on a single ''candidate gene,'' for example, if we can ultimately generate whole genomic data for all samples of interest. However, these technologies are still too expensive for the average systematist, particularly in geographic areas where resources for systematics research are limited. Until then, we argue that studies of the phylogenetic behavior of ''candidate genes,'' such as the research reported here, still have considerable utility in the arachnological and broader systematics communities.
